Porcine reproductive and respiratory syndrome virus (PRRSV) continues to be a major problem to the pork industry worldwide. Increasing data indicate that PRRSV strains differ in virulence in infected pigs and are biologically, antigenically, and genetically heterogeneous. It is evident that the current vaccines, based on a single PRRSV strain, are not effective in protecting against infections with the genetically diverse ®eld strains of PRRSV. The recent outbreaks of atypical or acute PRRS in vaccinated pigs have raised a serious concern about the ef®cacy of the current vaccines and provided the impetus for developing more effective vaccines. Special attention in this review is given to published work on antigenic, pathogenic and genetic variations of PRRSV and its potential implications for vaccine ef®cacy and development. Although there are ample data documenting the heterogeneous nature of PRRSV strains, information regarding how the heterogeneity is generated and what clinical impact it may have is very scarce. The observed heterogeneity will likely pose a major obstacle for effective prevention and control of PRRS. There remains an urgent need for fundamental research on this virus to understand the basic biology and the mechanism of heterogeneity and pathogenesis of PRRSV. #
Introduction
Porcine reproductive and respiratory syndrome (PRRS), characterized by severe reproductive failure in sows and respiratory diseases in young pigs, was ®rst recognized in the United States (U.S.) in 1987 (Keffaber, 1989; Hill, 1990) . Since its appearance, PRRS has devastated the swine industry with tremendous economic losses (Polson et al., 1992) . The causative agent of PRRS, porcine reproductive and respiratory syndrome virus (PRRSV), was ®rst isolated by Wensvoort et al. (1991) in the Netherlands using porcine alveolar macrophages (PAM) and was designated as Lelystad virus (LV). In the U.S., PRRSV was ®rst isolated and characterized in a continuous cell line ATCC CL2621 Collins et al., 1992) . PRRSV is a small, enveloped, single positive-stranded RNA virus (Wensvoort et al., 1991; Ben®eld et al., 1992; Meulenberg et al., 1993a, b) .
PRRS has now been recognized worldwide (Plana et al., 1992; Saito et al., 1996; Valicek et al., 1997; Madsen et al., 1998; Chueh et al., 1998) and is considered to be an economically important global disease. Although PRRSV strains identi®ed from around the world cause similar diseases in pigs, increasing data indicate that PRRSV strains differ in virulence in infected animals and are antigenically and genetically heterogeneous. More recently, swine herds in the U.S. have experienced outbreaks of a severe form of PRRS characterized by abortion and high mortality in pregnant sows (Botner et al., 1997a; Bell, 1998; Mengeling et al., 1998; Lager et al., 1998; Osorio et al., 1998) . This form of PRRS has been referred to as sow abortion and mortality syndrome, atypical PRRS, severe PRRS and acute PRRS. Surprisingly, many of the affected herds were vaccinated, suggesting that the current PRRS vaccines do not confer 100% protection and that a new generation of vaccines is needed.
This review will summarize published data describing the heterogeneity of PRRSV and discuss the potential implications for current vaccine ef®cacy and future vaccine development. Recent reviews on other aspects of PRRSV (Rossow, 1998; Albina, 1997; Botner, 1997b; Molitor et al., 1997; Meulenberg et al., 1997a; Zimmerman et al., 1997; Van Reeth, 1997) also discuss some of the work cited here. Meulenberg et al. (1993a) ®rst cloned and sequenced the genome of LV, a European strain of PRRSV. Subsequently, partial sequences of another European strain (Conzelmann et al., 1993) and two North American strains of PRRSV (Mardassi et al., 1994; Meng et al., 1994) were reported. More recently, the complete genomes of two North American strains of PRRSV have been determined (Allende et al., 1999; Nelsen et al., 1999) . The genome of PRRSV is an 15 kb positive strand RNA molecule that encodes eight overlapping open reading frames (ORFs) organized similarly to the ORFs of coronaviruses (Lai and Cavanagh, 1997; Meulenberg et al., 1993a; Allende et al., 1999; Nelsen et al., 1999) . The overlaps between the ORFs of LV range from 1 bp (between the ORFs 4 and 5) to 253 bp (between the ORFs 3 and 4). The U.S. strains of PRRSV have a 10 bp noncoding region separating ORFs 4 and 5 Morozov et al., 1995) . ORFs 1a and 1b comprise about 80% of the viral genome and are predicted to encode the viral RNA polymerase (Meulenberg et al., 1993a; Allende et al., 1999; Nelsen et al., 1999) . The C-terminus of ORF 1a overlaps the N-terminus of ORF 1b by 16 nucleotides. A heptanucleotide slippery sequence, UUUAAAC, located just upstream of the UAG stop codon of ORF 1a, and a pseudo-knot structure downstream of the slippery sequence are believed to be essential for the expression of ORF 1b of PRRSV via a mechanism of ribosomal frame-shifting (Meulenberg et al., 1993a; Allende et al., 1999; Nelsen et al., 1999) .
Genomic organization
ORFs 2, 3 and 4 of PRRSV encode virion-associated proteins designated as GP2, GP3 and GP4, respectively (Meulenberg et al., , 1997b Meulenberg and Petersen-den Besten, 1996; Van Nieuwstadt et al., 1996) . However, the GP3 protein of a Canadian PRRSV isolate encodes a nonvirion-associated, soluble protein (Mardassi et al., 1998) , which is similar to the ORF3 protein encoded by lactate dehydrogenase-elevating virus (LDV) (Faaberg and Plagemann, 1997) . The reason for the discrepancy in whether GP3 protein of PRRSV is a structural protein is not clear, but genetic variation of the ORF3 gene might be responsible. Therefore, the GP3 protein of other diverse strains of PRRSV should also be evaluated. ORFs 5, 6 and 7 of PRRSV encode envelope (GP5), membrane (M) and nucleocapsid (N) proteins, respectively (Mardassi et al., 1996; Meulenberg et al., 1995 Meulenberg et al., , 1997a . Monoclonal antibodies directed against GP4 and GP5 proteins are neutralizing (Meulenberg et al., 1997b; Pirzadeh and Dea, 1997) . The M protein is an unglycosylated protein of 18 kDa which has the same hydrophobicity pro®le as the M proteins of equine arteritis virus (EAV) (de Vries et al., 1992) and LDV (Godeny et al., 1993) . The N protein is not N-glycosylated, although it contains 1 or 2 potential N-glycosylation sites . The order of PRRSV genes, 5 0 -viral polymerase (ORFs 1a/1b)-virion-associated proteins GP2 (ORF 2)-GP3 (ORF 3)-GP4 (ORF 4)-GP5 (ORF 5)-M (ORF 6)-N (ORF 7)-3 0 , is the same as in EAV (den Boon et al., 1991) , LDV (Plagemann and Moennig, 1992) and simian hemorrhagic fever virus (SHFV) . Therefore, PRRSV, along with EAV, LDV and SHFV, is now classi®ed within a single genus Arterivirus in the family Arteriviridae in the order Nidovirales (Cavanagh, 1997) .
The expression and replication of PRRSV requires the production of at least six subgenomic mRNAs (sg mRNAs) (Conzelmann et al., 1993; Meulenberg et al., 1993a Meulenberg et al., , b, 1997a Meng et al., 1994 Meng et al., , 1996b Snijder and Meulenberg, 1998) . These sg mRNAs, together with the genomic virion RNA, form a 3 0 -coterminal nested set. Each of these sg mRNAs contains a 5 0 common leader sequence of about 200 bp in size (Meulenberg et al., 1993a, b; Morozov et al., 1996; Nelsen et al., 1999; Allende et al., 1999; Oleksiewicz et al., 1999) . The leader-mRNA junction sequence of PRRSV, in which the leader joins to the body of the sg mRNAs, is a conserved sequence motif of six nucleotides (UCAACC) or a highly similar sequence (Meulenberg et al., 1993a, b; Meng et al., 1995b Meng et al., , 1996b Nelsen et al., 1999) . The sg mRNAs of PRRSV are not packaged into the virions , suggesting that the encapsidation signal of PRRSVis likely localized within the ORF 1 region that is unique to the viral genome, but not present in the sg mRNAs. Northern blot analysis with ORF-speci®c probes indicates that sg mRNAs are polycistronic . It is generally believed that only the ORF at the 5 0 end of each sg mRNA is translationally active and, thus, each of the sg mRNAs is functionally monocistronic. The precise mechanism of transcription and translation of PRRSV is not understood, although it is believed to be similar to that of coronaviruses (Lai and Cavanagh, 1997) . The recently constructed infectious cDNA clone of PRRSV should facilitate investigation of the mechanism of PRRSV replication.
Biological and antigenic variation
Biological variations among PRRSV isolates have been reported. The European PRRSV isolates were preferentially propagated in PAM cultures (Wensvoort et al., 1991; Wensvoort, 1993) , whereas the North American isolates were grown in PAM cultures as well as in three continuous cell lines, CL2621, MARC-145 and CRL11171 Collins et al., 1992; Kim et al., 1993; Meng et al., 1994 Meng et al., , 1996a . Swine testis (ST) cells were also reported to support PRRSV replication (Plana et al., 1992) . However, the ST cells cannot propagate a high virulence PRRSV isolate VR2385 . Variations in the susceptibilities of CL2621 cells and PAM to PRRSV infection were reported. Not all PRRSV isolates growing in CL2621 cells replicated in PAM, and vice versa (Bautista et al., 1993a) . Failure to propagate some strains of PRRSV in certain cell cultures indicates the existence of PRRSV variants and, thus, both PAM and other cell lines should be used when attempting virus isolation from clinical samples. It has been reported that ®eld strains of PRRSV vary in their susceptibility to antibodydependent enhancement (ADE) of infection . Therefore, the altered ability to infect may be due to the selection of variants that can facilitate infection of macrophages through ADE.
Antigenic variations among PRRSV isolates have been well documented. Wensvoort et al. (1992) and Wensvoort (1993) reported that, antigenically, four European isolates resembled each other closely, but differed from the U.S. isolates, and that three U.S. isolates differed from each other. Serologic survey of the ®eld samples by immunouorescence assay indicated that about 20% of the samples were positive for European LV, but negative for U.S. isolate VR2332, and that about 44% of the samples were positive for VR2332, but negative for LV (Bautista et al., 1993b) . In another study, North American isolates were found to be more closely related serologically to each other than to the European isolates (Frey et al., 1992) . Of 214 Canadian swine sera tested, 154 samples were positive for VR2332 antibody, but only 22 samples were positive for LV. When 50 swine sera from the Netherlands were tested, 44 samples were positive for LV antibody, but only 11 samples were positive for VR2332. Western blot analysis indicated that the ORF 4 protein of MN-1 isolate reacted with only 65% of PRRSV-infected pig sera tested (Kwang et al., 1994) . Differential reactivity of monoclonal antibodies (MAbs) with different PRRSV isolates was also reported. Two MAbs to N protein recognized a conserved epitope in U.S. and European PRRSV isolates, but four other MAbs to N protein reacted with U.S. isolates only (Nelson et al., 1993) . Six MAbs raised against a British isolate of PRRSV did not react with U.S. isolates tested (Drew et al., 1995) . Five MAbs against GP5 protein of a Canadian isolate did not react with LV (Pirzadeh and Dea, 1997; Pirzadeh et al., 1998) . An MAb to M protein reacted with all 148 North American PRRSV isolates tested, but failed to react with any of the 13 European isolates . The reactivity of MAbs against GP3, GP4 and N proteins with European and American PRRSV isolates also revealed antigenic differences not only between the U.S. and European isolates, but among different European or U.S. isolates as well (Katz et al., 1995; Wieczorek-Krohmer et al., 1996) . In addition, antigenic variation was demonstrated between an isolate and its progeny recovered after in vivo passages (Le Gall et al., 1997) , suggesting that a relatively high rate of mutations occurs during PRRSV replication in its natural host.
Given the degree of antigenic diversity observed among PRRSV strains, it is unlikely that a vaccine based on one strain of PRRSV will effectively protect against antigenically different enzootic ®eld strains of PRRSV. In fact, Lager et al. (1999) recently showed that gilts inoculated with one strain of PRRSV did not completely protect against heterologous challenge with an antigenically distinct PRRSV strain. Therefore, the effectiveness of a vaccine against heterologous enzootic ®eld strains of PRRSV will largely depend on the antigenic relatedness of the virus strain to which the vaccinated animals were exposed. The design of future vaccines will have to take into consideration the antigenic diversity. The author believes that a multivalent vaccine consisting of multiple antigenically distinct strains of PRRSV is the most promising candidate for the next generation of vaccines.
Pathogenesis and pathogenic variation
The mechanism of PRRSV pathogenesis is poorly understood. It is generally believed that PRRSV initiates an infection in pigs via entry through nasal epithelial, tonsillar, and pulmonary macrophages. PRRSV replicates in these cells, causes viremia and, subsequently, results in pneumonia, myocarditis, encephalitis, rhinitis, vasculitis, lymphadenopathy, etc. in target organs (Rossow et al., 1995 (Rossow et al., , 1996 . It has been well documented that PRRSV causes persistent infections in pigs (Albina et al., 1994; Christopher-Hennings et al., 1995a, b; Wills et al., 1997a, b) . In experimentally infected boars, PRRSV can be detected by PCR in semen samples at 92 days postinoculation (DPI) (Christopher-Hennings et al., 1995a, b) . Pigs persistently infected with PRRSV can transmit the virus to naive pigs by direct or indirect contact, and the transmission by direct contact occurs up to 22 weeks after infection (Albina et al., 1994; Wills et al., 1997a, b) . Bilodeau et al. (1994) showed that when speci®c-pathogen-free (SPF) pigs were introduced into a barn that had housed PRRSV-infected pigs as much as 4 months after clinical signs of infection had disappeared, the newly introduced SPF pigs became infected. This study indicates that subclinical PRRSV infection can persist in the animals. Wills et al. (1997a, b) demonstrated that PRRSV can be isolated from oropharyngeal samples for up to 157 DPI. Pigs persistently infected with PRRSV may appear clinically normal, but can still transmit virus to pigs in naive swine herds. Therefore, persistent infection of PRRSV plays an important role in PRRSV survival and transmission, and will likely pose a major obstacle in PRRS control programs. Despite the ample data documenting PRRSV persistence, little has been done to understand the mechanism of persistent infection or what clinical impact it may have. Clearly, more studies are needed in the future to determine the host and virus factors that lead to the persistent state and to fully elucidate the mechanism of PRRSV pathogenesis.
Marked differences in virulence among PRRSV strains have been observed in experimentally-infected pigs . Signi®cant differences in severity of clinical respiratory disease, rectal temperatures, gross lung lesions and microscopic lung lesions were observed among nine different U.S. isolates of PRRSV. The European LV and the low-virulence U.S. PRRSV isolate VR2431 (ISU3927) induced mild transient pyrexia, dyspnea and tachypnea, but several high virulence U.S. isolates induced labored respiration, pyrexia, lethargy, anorexia and patchy dermal cyanosis. At 10 DPI, mean lung lesion scores estimating the percentage of lungs affected by pneumonia ranged from 6.8% for LV, 9.7% for VR2431 (ISU3927), 54.2% for VR2385, to 62.4% for ISU-28 . Despite the observed difference in virulence among PRRSV isolates, tissue tropism and distribution of PRRSV antigen or nucleic acid within tissues and organs were very similar in pigs inoculated with different strains of PRRSV Haynes et al., 1997) . Strains of PRRSV also vary in virulence for their ability to cause reproductive failure (Mengeling et al., 1996) . Mengeling et al. (1996) reported that the effects of PRRSV on reproductive performance are strain-dependent. In addition, apathogenic ®eld isolates of PRRSV have been reported (Ohlinger et al., 1992; Van Alstine, 1992) , indicating that ®eld isolates of PRRSV differ in virulence. The recent outbreaks of severe atypical or acute PRRS further indicate that the recent atypical PRRSV strains circulating in the U.S. swine herds are more virulent than those strains isolated earlier (Botner et al., 1997a; Mengeling et al., 1998; Bell, 1998; Lager et al., 1998; Osorio et al., 1998) . Mengeling et al. (1998) demonstrated that a ®eld strain of atypical PRRSV produced especially severe clinical signs of disease and reproductive failure in experimentally infected gilts. Rossow et al. (1999) reported that marked neurovirulence in neonatal pigs was found to be associated with infection by some ®eld isolates of PRRSV. PRRSV was identi®ed in macrophages or microglia of brain lesions by immunohistochemical staining of brain sections. The replication of the virus in the brain was veri®ed by in situ hybridization. The mechanism for the observed PRRSV neurovirulence in neonatal pigs is not known, but genetic changes in PRRSV genome may alter the tissue tropism of PRRSV.
The mechanism for pathogenic variation observed among PRRSV strains remains unknown, but the genetic make-up of a particular virus strain will likely determine the virulence of the virus in animals. Therefore, it is important to genetically characterize ®eld strains of PRRSV with differing virulence. One recent breakthrough in PRRSV research is the construction of an infectious cDNA clone of PRRSV . Using this infectious clone, one should be able to construct viruses that are chimeras of low and high virulence strains of PRRSV or to mutant genes of interest to study the structural and functional relationship of PRRSV genes. The availability of this infectious cDNA clone will eventually aid PRRSV researchers in identifying the genetic virulence determinant(s) of PRRSV.
Genetic variation and genotypes
PRRSV is genetically heterogeneous. Extensive sequence variation was found between the European and the U.S. isolates (Mardassi et al., 1994; Meng et al., 1994 Meng et al., , 1995a Meng et al., , b, 1996b Morozov et al., 1995; Murtaugh et al., 1995; Nelsen et al., 1999; Allende et al., 1999) . The nucleotide sequence identity between LV and the U.S. isolates is 65±67% in ORF 2, 61±64% in ORF 3, 63±66% in ORF 4, and 61±63% in ORF 5 (Meng et al., 1995a, b) . ORFs 6 and 7 genes are relatively conserved among the U.S. isolates or among the European isolates, but extensive genetic variation was observed in the ORFs 6 and 7 genes between European and U.S. isolates. It has been shown that the nucleotide sequence identity was 96±98% in ORF 2, 92±98% in ORF 3, 92±99% in ORF 4, and 90± 98% in ORF 5 among six U.S. isolates . Interestingly, the least virulent U.S. isolate, ISU3927 (ATCC VR2431), has the most divergent sequence compared to the other ®ve U.S. isolates. The nucleotide sequence identity between ISU3927 and the other U.S. isolates was 93±94% in ORF 2, 89±90% in ORF 3, and 91± 93% in ORF 4. The ORF 5 of ISU3927 has a three-nucleotide deletion and shares 91± 93% nucleotide sequence identity compared to that of the other U.S. isolates. The sequence variation between the least virulent strain ISU3927 and other U.S. isolates appears to be randomly distributed throughout the genome , thus it is dif®cult to speculate regarding any correlation between PRRSV virulence and a particular gene or sequence. Kapur et al. (1996) analyzed the nucleotide sequence of ORFs 2±7 of 10 U.S. PRRSV isolates, and found that the genetic distance ranges from 2.5±7.9% among these 10 U.S. isolates and is about 35% between LV and the U.S. isolates. Simple accumulation of random neutral mutations cannot explain the substantial nucleotide differences among PRRSV isolates, and the mechanism for generating the genetic heterogeneity remains unknown.
The leader sequence of PRRSV strains also varies signi®cantly. The 190 bp leader sequence of VR2332 strain is 31 bp shorter than that of LV, and has a sequence identity of 61% with that of LV . The leader sequence of another North American strain, 16244B, is 189 bp in length and also differs considerably in nucleotide sequence with that of LV (Allende et al., 1999) . Like the leader sequence, the ORF1 gene sequence also differs extensively between the U.S. and the European strains (Allende et al., 1999; Nelsen et al., 1999) . The ORF1a of VR2332 strain shares only about 55% nucleotide sequence identity with that of the LV strain. ORF1b is more conserved than ORF1a and shares about 63% nucleotide sequence identity with that of LV. However, a stretch of 151 amino acids at the carboxyl terminus of ORF1b of VR2332 has only 49% similarity with that of LV . Allende et al. (1999) also showed that North American strain 16244B shares only about 47% amino acid identity in the ORF1a polyprotein region with that of LV. The greatest divergence is found in the nonstructural protein 2 (NSP2), which shares only about 32% amino acid identity with the corresponding region of LV. Surprisingly, the NSP2 of strain 16244B is 120 amino acids longer than that of LV (Allende et al., 1999) . Like strain VR2332, strain 16244B also exhibits greater divergence in the carboxyl terminal region of ORF1b (CP4 protein), with only 42% identity with the corresponding region of LV. Considering the striking differences in the leader sequence and in all ORFs between European and North American strains, it is surprising that both European and North American strains cause a similar disease. Although the origin of PRRSV remains unknown, these data strongly suggest that the European strains and the North American strains of PRRSV have undergone divergent evolution on separate continents from a common ancestor. Based on the sequence and evolution analyses of 10 U.S. isolates, Kapur et al. (1996) estimated that the time for generating the amount of nucleotide variation in the Midwestern U.S. isolates takes about 6±14 years of virus evolution, suggesting that PRRSV probably emerged as a swine pathogen approximately a decade ago. It has been speculated that European and North American PRRSV strains may have evolved from an LDV-like ancestor (Plagemann, 1996; Nelsen et al., 1999) . However, the almost simultaneous emergence of PRRS in swine on two continents makes the theory of divergent evolution dif®cult to believe. More likely, the simultaneous emergence of PRRS on two continents might relate to global changes in commercial swine management and husbandry .
The sg mRNAs of PRRSV are heterogeneous (Meulenberg et al., 1993b; Meng et al., 1996b; Snijder and Meulenberg, 1998; Faaberg et al., 1998; Nelsen et al., 1999) . Meng et al. (1996b) reported that, in addition to the genomic RNA, a nested set of six or seven sg mRNAs is present in cells infected with different isolates of U.S. PRRSV that differ in virulence. PRRSV isolates ISU55, ISU79 and ISU3927 produce seven sg mRNAs, whereas isolates ISU22 and ISU1894 produce only six sg mRNAs. The additional species of sg mRNA (designated as sg mRNA 3-1) is located between sg mRNAs 3 and 4, and is generated from the sequence upstream of ORF 4. However, there is no apparent correlation between virus virulence and the additional sg mRNA3-1 . Interestingly, a small ORF with a coding capacity of 45 amino acid residues at the 5 0 -end of the sg mRNA 3-1 was identi®ed. Thus, the sg mRNA 3-1 in some isolates is potentially bicistronic. However, whether this small ORF 3-1 is actually translated or has any biological functions remains to be studied. Morozov et al. (1996) reported that there are two leader-body junction sites for sg mRNAs 5 and 7. Nelsen et al. (1999) also demonstrated that VR2332 strain of PRRSV utilizes two leader-body junction sites for sg mRNA7 transcription: one site at 123 bp upstream of the ORF7 start codon for most mRNA7 transcripts, and the other site at 9 bp upstream of the ORF7 start codon for a minority of transcripts. In contrast, LV only utilizes the site at 9 bp upstream of the ORF7 start codon. Faaberg et al. (1998) has also shown that the sg mRNA 7 is transcribed with different leader-body junction sites. The differences in sg mRNAs and leader-body junction sites among PRRSV isolates further re¯ect the heterogeneous nature of the virus. Future studies are needed to elucidate the biological signi®cance of the heterogeneity.
At least two distinct genotypes of PRRSV have been reported: the European and the North American . Recently, an impressive amount of sequence data on PRRSV isolates has been generated. To gain a better understanding of the genetic relationship and evolution of PRRSV, phylogenetic analyses were performed based on the sequences of ORF5 (Fig. 1a) and ORF7 (Fig. 1b) genes of 66 strains of PRRSV worldwide. These sequences were either published (Andreyev et al., 1997; Casal et al., 1998; Chueh et al., 1998; Conzelmann et al., 1993; Drew et al., 1997; Gagnon and Dea, 1998; Kapur et al., 1996; Le Gall et al., 1998; Madsen et al., 1998; Mardassi et al., 1994; Meulenberg et al., 1993a; Murtaugh et al., 1995; Nelsen et al., 1999; Pirzadeh et al., 1998; Plana et al., 1992; Rodriguez et al., 1997; Saito et al., 1996; Suarez et al., 1996; Sur et al., 1997; Valicek et al., 1997; Wesley et al., 1998; Wootton et al., 1998; Yang et al., 1998) or are available in GenBank (AF046869, AF090173, AF066066, AF059352, AF035409, AF030306, X92942, AF046869, U87392, U00153). Phylogenetic analysis was also performed on the basis of the complete sequences of the structural genes (ORFs Fig. 1 . Phylogenetic trees based on the nucleotide sequence of ORF5 (a), ORF7 (b), and the complete structural genes ORFs 2±7 (c) of PRRSV. The trees were constructed by maximum parsimony methods with the aid of the PAUP program (GCG version 9.1, David L. Swofford, Smithsonian Institute, Washington, DC). Bootstrap (100 replications) with heuristic searching and midpoint rooting options was used to construct the tree. The scale bar representing the numbers of character state changes is shown in each tree. Branch lengths are proportional to the numbers of character state changes. The references for the sequences of PRRSV isolates used in the phylogenetic analyses are cited in the text. 2±7), which are available for 22 isolates of PRRSV (Fig. 1c ). All three phylogenetic trees, based on different regions of the genome, indicate that the North American and European isolates of PRRSV represent two distinct genotypes as reported previously. However, within each of the two major genotypes, several minor genotypes (or variants) of PRRSV were also identi®ed ( Fig. 1a and c) . The N gene of PRRSV is relatively conserved within each of the two major genotypes (Fig. 1b) . In contrast, the major envelope protein gene (GP5) of PRRSV exhibits greater genetic diversity within each major genotype (Fig. 1a) . Similarly, the phylogenetic tree based on the complete sequence of the structural genes ( Fig. 1c ) displays greater genetic diversity than the N gene within each major genotype. Interestingly, the strains from Japan, China, Taiwan, Guatemala and three Danish strains of PRRSV are all clustered within the North American genotype. The three Danish strains, the Chinese strain (S1), a Canadian strain (PA8), and a strain from Nebraska (NE16244B) are all found to be closely related to the modi®ed-live vaccine (MLV) virus and the vaccine strain VR2332. The three Danish strains of PRRSV are believed to originate from the MLV vaccine virus (VR2332) that was used in Danish swine herds (Madsen et al., 1998) . Phylogenetic trees (Fig. 1a and c) con®rm that these three Danish strains are most closely related to the MLV RespPRRS vaccine virus, but are less related to other North American strains, further indicating that the introduction of North American type of PRRSV in Denmark was due to the spread of vaccine virus VR2332 (Madsen et al., 1998) . The origin of other strains that are closely related to the MLV and strain VR2332 is not known. It is possible that these strains isolated from different geographic regions also evolved from the MLV vaccine virus VR2332 as a result of largescale vaccination programs in swine herds around the world.
Quasispecies and RNA recombination
Quasispecies is de®ned as a population of closely related, yet heterogeneous sequences that are variants of one dominant sequence (Bukh et al., 1995) . Viral quasispecies are closely related mutant and recombinant viral genomes subjected to continuous genetic variation, competition and selection (Domingo et al., 1998) . Within a single infected animal, many RNA viruses have been found to exist as quasispecies. This heterogeneity can cause persistent infection resulting from selection of mutants that escape neutralizing antibody or cytotoxic T lymphocytes (CTL) or as a result of the presence of defective particles (Duarte et al., 1994; Ahmed et al., 1996; Domingo et al., 1998) . Extensive genetic variations have been observed among different strains of PRRSV; however, little is known about the mechanism of generating genetic diversity. Recently, Rowland et al. (1999) reported evidence for quasispecies evolution and emergence of a virus subpopulation during in utero infection of pigs with a PRRSV isolate. A single nucleotide change in the ectodomain of GP5 protein was identi®ed during infection of pigs with PRRSV strain VR2332. This ®nding suggests that the genetic variability in the ectodomain of the ORF5 may be due to positive or negative selection forces, such as selection by antibody or other host defenses. Other factors such as RNA secondary structure, especially in ORF1, the diverse leader-body junction sites, and the size and sequence difference of the 5 0 leader sequence among PRRSV strains should also be considered as potential driving forces for heterogeneity and quasispecies evolution of PRRSV. Quasispecies has been well documented in other viruses that cause persistent infections including LDV, an arterivirus closely related to PRRSV (Duarte et al., 1994; Plagemann et al., 1995; Plagemann, 1996; Bukh et al., 1995; Ahmed et al., 1996; Domingo et al., 1998) . The extent and nature of PRRSV quasispecies evolution and whether quasispecies evolution are related to PRRSV persistency remain to be determined. In LDV, quasispecies have been identi®ed and biologically characterized (Chen et al., 1997 (Chen et al., , 1998a (Chen et al., , b, 1999 . The LDV quasispecies were found to differ in neuropathogenicity, and the neuropathogenic LDVs are incapable of establishing persistent infection in mice. The existence of a quasispecies population during virus infection will affect vaccine ef®cacy and may lead to vaccine failure (Domingo and Holland, 1992; Duarte et al., 1994; Domingo et al., 1998) . The ®rst report of PRRSV quasispecies evolution by Rowland et al. (1999) should stimulate further study of the nature of PRRSV quasispecies evolution and its clinical implications.
RNA recombination can provide a powerful and effective mechanism for evolution of an RNA virus. The ability to exchange genetic information may allow RNA viruses to adapt a changing environment and to escape a selection pressure (such as neutralizing antibodies), thus providing the recombinant virus with an evolutionary advantage (Lai and Cavanagh, 1997) . Recently, Yuan et al. (1999) provided evidence for homologous RNA recombination between PRRSV isolates propagated in cell culture. Recombinant viral particles containing chimeric ORF 3 and ORF 4 proteins were identi®ed in MA-104 cells co-infected with two PRRSV isolates. Nucleotide sequence analyses con®rmed independent recombination events. The frequency of recombination was estimated from <2% up to 10% within the 1182-bp fragment analyzed. Sequence analyses of ®eld isolates of PRRSV suggest that RNA recombination of PRRSV may also occur in nature (Yuan et al., 1999) . By analyzing 10 ®eld isolates of U.S. PRRSV, Kapur et al. (1996) also provided evidence for intragenic recombination in ORFs 2±5 and in ORF 7 among PRRSV isolates. Whether RNA recombination plays any roles in generating genetic heterogeneity of PRRSV is not known. Direct experimental evidence for in vivo RNA recombination of PRRSV is still lacking. Most RNA virus recombination studies have been performed in cell cultures, although RNA recombination has also been demonstrated in the natural host of picornaviruses, coronavirus and LDV (Lai and Cavanagh, 1997; Minor et al., 1986; Li et al., 1999) . For example, a case of poliovirus vaccine-associated poliomyelitis in a human was caused by recombination between two poliovirus vaccine strains (Minor et al., 1986) . High frequency homologous genetic recombination was reported in mice dually infected with two strains of LDV . Therefore, future studies are warranted to determine whether RNA recombination of PRRSV is a phenomenon unique to cell culture or whether this actually occurs in vivo. The frequency of recombination, crossover sites and the clinical implications of PRRSV RNA recombination also need to be studied. The sg mRNA species may also be involved in RNA recombination events during infection. Thus, future studies are needed to examine RNA recombination not only at genomic RNA level, but at the sg mRNA level as well.
Implications on vaccine ef®cacy and development
Several PRRS vaccines are currently available; however, there are mixed results regarding the ef®cacy of these vaccines against the genetically diverse ®eld strains of PRRSV (Lager and Mengeling, 1997; Plana-Duran et al., 1997; Christopher-Hennings et al., 1997; Van Woensel et al., 1998; Osorio et al., 1998; Madsen et al., 1998; Mengeling et al., 1999a, b, c; Wesley et al., 1999) . RespPRRS/Repro (Boehringer Ingelheim), an MLV, is recommended for use in 3±18 week-old pigs and in nonpregnant females (Lager and Mengeling, 1997; Dee and Joo, 1997) . The Prime Pac PRRS vaccine (Schering Plough Animal Health Corporation) (Hesse et al., 1997) is also an MLV which has been shown to reduce the severity and duration of disease following challenge. However, it did not prevent infection of vaccinated pigs by a virulent heterologous strain. A live vaccine based on a European isolate of PRRSV (Porcilis PRRS) was found to protect fattening pigs against the respiratory manifestations of PRRS (Mavromatis et al., 1999) . Osorio et al. (1998) compared three commercial vaccines in their ability to induce protection against PRRSV strains of high virulence, and found that these vaccines confer protection against clinical disease, but not against infection. The use of MLVs in boars resulted in vaccine virus shedding in semen and reduced semen quality, but there was reduced or no shedding of wild-type PRRSV after challenge (Christopher-Hennings et al., 1997) . In another study, vaccination with a MLV in boars resulted in marked reduction in viremia and shedding of virus in semen, but vaccination with inactivated vaccine did not change the onset, duration or level of viremia or shedding of virus in semen (Nielsen et al., 1997) .
By using a restriction-site marker that is present in the vaccine virus (VR2332), Mengeling et al. (1999b) demonstrated that the marker was not detected in any of the 25 ®eld strains of PRRSV isolated before use of the vaccine. However, the restriction-site marker was detected in 24 of 25 ®eld strains isolated after the introduction of the vaccine, and these ®eld strains were believed to be direct-line descendants of the vaccine virus (Mengeling et al., 1999b) . More importantly, these putative vaccine-related strains produced more pronounced pathological changes than did the vaccine virus alone (Mengeling et al., 1999b) . Wesley et al. (1999) also showed that the restriction fragment length polymorphism (RFLP) patterns change as the vaccine virus spreads among a swine population. A glycine marker in the ORF5 gene of the vaccine virus is rapidly lost and replaced with arginine. The use of MLVs in herds may lessen the clinical signs of PRRS following infection. However, the potential risk for reversion of MLVs to virulent phenotypes cannot be overlooked. In the absence of a new generation of vaccines, more studies are needed to fully evaluate the safety and ef®cacy of the current MLVs.
The emergence and re-emergence of viral infectious diseases is often in¯uenced by the genetics of the viruses (Domingo and Holland, 1992; Duarte et al., 1994; Domingo et al., 1998) . Genetic heterogeneity of PRRSV, due to quasispecies evolution and RNA recombination, could lead to the selection of virulent viruses and to the emergence or reemergence of new forms of PRRS. Quasispecies evolution of PRRSV in response to positive or negative selection pressures may signi®cantly change the genomic sequence of MLVs over time as the vaccine virus spreads among swine herds, and ultimately, these genetic changes may revert MLVs to virulent phenotypes. It is also possible that virulent strains of PRRSV could be generated through RNA recombination between MLVs used in the vaccination programs and enzootic ®eld strains of PRRSV. The recent outbreaks of the atypical or acute PRRS re¯ect the need to further study this virus to better understand its biology and develop more effective vaccines. Most of the herds affected by the atypical PRRS had been vaccinated with the current vaccines (Bell, 1998; Lager et al., 1998) . It is possible that a mutant strain(s) of PRRSV may be responsible for the recent outbreaks of acute PRRS. The heterogeneous nature of PRRSV suggests that complete elimination of the virus from the environment is unlikely. The observed genetic diversity among ®eld isolates of PRRSV will continue to be the major obstacle for PRRS control. Therefore, the design for the next generation of vaccines will have to take into consideration the genetic heterogeneity of PRRSV, or PRRS will remain dif®cult to control. Intensive research is required to answer the many questions that remain. The recently constructed infectious cDNA clone of PRRSV should enable us to study the basic biology of PRRSV. Using the infectious cDNA clone, one can monitor the nature of quasispecies evolution of PRRSV in pigs infected by a homogeneous virus derived from the infectious clone. One can also genetically engineer the virus to produce a modi®ed avirulent strain that could be used as an MLV. The immunogenic gene(s) of the genetically-engineered avirulent strain of PRRSV can be replaced with that of other antigenically and genetically distinct PRRSV strains to produce avirulent virus strains that can be used as a multivalent MLV.
